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THE ENIGMA OF FOOD CHAIN LENGTH: ABSENCE OF THEORETICAL

EVIDENCE FOR DYNAMIC CONSTRAINTS
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Abstract. The question of what, if anything, limits the length of food chains has been
problematic ever since Elton originally asked it decades ago. Here, we reexamine the major
evidence for one of the chief hypotheses: dynamical constraints. Reportedly, food chain
stability decreases as chain length increases. However, the separate roles of self-damping
(where a species shows density dependence independent of the densities of other species
in the food chain model) and chain length have not been adequately determined. We ex-
amined food webs of varying chain length while controlling for self-damping. In contrast
to the prevailing hypothesis, we find a weak but significant increase in stability in longer
chains when we hold constant the number of species and the number of self-damping terms.
Thus, the conclusion that longer food chains are more dynamically fragile, thereby setting
an upper limit to food chain length, has at best very limited theoretical support. Our results
indicate that community stability should tend to lengthen, not shorten, food chains. Mech-

anisms limiting the length of food chains remain to be convincingly demonstrated
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INTRODUCTION

In a work some consider to be the genesis of com-
munity ecology (e.g., Paine 1996), Elton (1927) ob-
served that food chains usually consist of only three
or four links, seldom more. Interest in the length of
food chains persists (see reviews by Lawton 1989 and
Persson et al. 1996), with many papers reiterating El-
ton’s basic premise that food chains are short (Hairston
and Hairston 1993, Morin and Lawler 1995). As an
alternative, one could argue that food chains are not
truly short because of feedbacks and cycles (Ulanowicz
and Kemp 1979,Cousins 1987,Burns 1989). Or simi-
larly, one can argue that the very concept of a linear
food chain is untenable due to the large number of
omnivores present in natural food webs (Cousins
1987). Nevertheless, the perception persists that natural
food chains are short.

One major category of explanation for short food
chains has been called ‘“‘dynamical constraints.”” Pimm
and Lawton (1977) hypothesized that short food chains
are inherently more stable than long ones. They studied
the stability of linear models of four-species commu-
nities of two, three, or four trophic levels (Fig. 1A). In
their models, although all communities were mathe-
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matically stable, shorter chains had faster return times.
Thus, longer food chains were dynamically fragile
compared to shorter ones since shorter chains returned
more rapidly to equilibrium when perturbed. There
have been few experimental tests of this hypothesis,
and together they offer only ‘‘tentative’” (Lawler and
Morin 1993) empirical support. Our purpose here is to
reexamine the strongest available evidence for dynam-
ical constraints of food chain length, namely the sta-
bility of linear models of simple communities of vary-
ing trophic structure.

The webs analyzed by Pimm and Lawton held spe-
cies number constant at four and varied feeding rela-
tionships so that the number of trophic levels varied
(Fig. 1A). All basal species in the Pimm and Lawton
webs (hereafter PL. webs) exhibited ‘‘self-damping”’
where an individual species has a negative feedback
on its own density, independent of the density of all
other species in the community. Self-damping only in
basal species necessarily created a negative relation-
ship between the number of trophic levels and the num-
ber of self-damping terms in the PL webs (Fig. 1A).
As indicated by Saunders (1978), stability in linear
models is strongly a function of the fraction of species
with self-damping; thus, the differences noted by Pimm
and Lawton confounded self-damping and food chain
length. Although there was a rejoinder to Saunders’
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Food webs examined in this study. Species on different trophic levels interact as predator—prey, i.e.,
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species influences the upper species positively, and the upper species influences the lower species negatively. Solid circles
indicate species with self-damping. (A) The original six Pimm and Lawton (1977) webs. The one case of interaction on a
single trophic level (6) is competitive, i.e., a negative influence in both directions. We reexamined webs 1, 3, and 5 by
altering the number and placement of self-damping terms (see Table 1). (B) Six-species webs of four trophic levels with
varying degree of self-damping. For results, see Table 2. (C) Six-species webs with varying numbers of trophic levels. All
species have self-damping. For results, see Table 2. (D) Eight-species webs of varying numbers of trophic levels with species
distributed in lower trophic levels. For results, see Table 3. (E) Eight-species webs with varying numbers of trophic levels
with species concentrated in basal trophic level. For results, see Table 3.

interpretation of the Pimm and Lawton model (Lawton
and Pimm 1978), it is our view that the issue of self-
damping was not settled, and in fact the whole issue
of dynamical constraints on food chain length remains
puzzlingly open.

We chose to reproduce the models utilized by Pimm
and Lawton in their original paper, but to expand the
study to include a larger assortment of web types, vary-
ing the number of species, the number of trophic levels,
the actual feeding configurations, and the number and
location of self-damping terms. In so doing, we sought
to explore the relationships among species richness,
trophic chain length, self-damping, and other factors,
so that a more complete picture of how these factors
influence stability could be obtained.

METHODS

Following Pimm and Lawton (1977), we considered
n interacting species described by the familiar equation:

= _ X,(bi + > ay)('j> =F,
dt =1

where X; = population size, b, = the instantaneous
growth rate of the ith species, and a, = the per capita
effect of species j on species i. Model food chains of
varying lengths and complexities, as represented by the

well-known Jacobian matrix of linearized effects at
equilibrium densities, were then examined. Matrices
consisted of elements of predetermined sign and ran-
dom magnitude within a prescribed range. Following
Pimm and Lawton (1977), self-damping elements (the
negative effect of species i on itself) were random real
numbers from a uniform distribution over the interval
(—11to 0). Prey elements (the negative effect of predator
species j on prey species i) were similarly chosen from
the interval (—10 to 0). Predator elements (the positive
effect of prey species i on predator species j) were
chosen from the interval (0 to 0.1).

Return time provides a quantitative measurement of
the resilience stability in stable webs. Shorter return
times are inherently more stable in that they rebound
more quickly from perturbations away from equilib-
rium. Thus, if dynamical constraints limit food chain
length, we should expect to see a pattern of increased
return time with increased chain length. Stability was
assessed by the eigenvalues of the Jacobian matrix
(0F;/0X; j = 1ton, i = 1 to n) evaluated at equilibrium.
The return times of the locally stable systems were then
assessed by —1/Real(\,,) (for all X < 0).

We investigated matrices representing communities
varying in species richness, trophic length, and place-
ment and number of self-damping terms. For each web,
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we calculated return times of each of 2000 matrices,
sampling over the random intervals described above.
Return times were strongly skewed, with frequency
distributions showing a long “‘right tail”” of very long
times in communities lacking strong self-damping.
Thus, we utilized medians rather than means, and test-
ing was done with nonparametric Kruskal-Wallis one-
way ANOVA on ranks, with multiple comparisons via
Dunn’s test at an experiment-wide error rate of 0.0S5.

To resolve the confounding effects of number of tro-
phic levels and number of self-damping terms in the
four-species PL webs, we tried all possible positions
and numbers of self-damping terms in three of the PL
webs (Fig. 1A, webs 1, 3, and 5). We held the number
of self-damping terms constant but varied their posi-
tion, and then observed the effect of increasing the
number of trophic levels on the median return time to
equilibrium, while controlling for number and place-
ment of self-damping terms.

We also examined some webs of greater number of
species than the PL webs. First, we constructed six six-
species food webs (Fig. 1B), each with a different num-
ber of self-damping terms, adding successive self-
damping terms to level one first, until all species in
trophic level one had self-damping terms, and then add-
ing self-damping terms to successively higher trophic
levels. Next, we examined a series of six-species webs
where all six species had self-damping terms, varying
the number of trophic levels from two to six (Fig. 1C).
Finally, we examined two different series of eight-spe-
cies webs in which all species had self-damping terms.
One eight-species series had species distributed
throughout the bottom trophic levels (Fig. 1D). The
other eight-species series had one species each in all
trophic levels >1 and the remaining species in trophic
level one (Fig. 1E).

REsSULTS

Four-species webs.—In both the two-trophic-level
and the three-trophic-level webs with one self-damping
term, at least some of the dominant eigenvalues were
positive, regardless of where in the web the self-damp-
ing term was placed. Thus we did not analyze these
webs further. The four-trophic-level web with one self-
damping term was stable no matter where the self-
damping term was placed. Median return times for the
webs with one self-damping term were 67, 50, 57 and
67 for placement in trophic levels one, two, three, and
four respectively. For the four trophic level webs, re-
turn times were shorter when the self-damping term
appeared in one of the middle trophic levels than when
the self-damping term was in either the basal or the
top trophic level (P < 0.05).

The four-species webs with two self-damping terms
were not destabilized by increasing chain length. In
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TABLE 1. Return times to equilibrium of four-species food
webs (n = 2000 within each web).

Trophic
Number of level(s)
Number of self- with
trophic damping self- Median  Statistical
levels terms damping return time difference
4 2 34 18.9 a
3 2 1 18.7 a
3 2 1,3 18.4 a
4 2 1,2 17.9 a
2 2 1 17.3 a
4 2 1,3 14.9 b
4 2 2,4 13.1 b
4 2 2,3 12.6 b
4 2 1,4 10.9 c
3 3 1,2 15.1 a
3 3 1,2,3 14.7 a
2 3 1,2 14.4 a
4 3 1,2,3 7.0 b
4 3 2,3,4 7.0 b
2 3 1 5.0 c
4 3 1,3,4 4.9 c
4 3 1,2,4 4.8 c
2 4 1,2 3.6 a
3 4 1,2,3 3.6 a
4 4 all 2.8 b

Note: Webs are arranged here in groups of similar number
of self-damping terms (2, 3, or 4). Within each such group,
webs are arranged in decreasing return time (increasing sta-
bility). Statistical differences are reported within groups of
similar number of self-damping terms. We observed no over-
lapping homogeneous groups in any multiple comparisons in
this study. Hence groups are reported with symbols in a single
‘“‘Statistical difference”” column, where different letters mean
that specific table entries are statistically different using mul-
tiple-comparisons tests at P < 0.05.

fact, the webs with the lowest return times had the
highest number of trophic levels (Table 1), although,
the placement of self-damping terms appreciably af-
fected return times. One of the four-trophic-level webs
also had the longest median return time in this group
(Table 1). For all of the four-species webs with two
self-damping terms as a group, there is no major effect
of number of trophic levels on return times.

Webs with three self-damping terms yielded results
similar to the case with two self-damping terms. Again,
there is not a clear pattern for the effect of number of
trophic levels on return time. The lowest return times
were observed in webs with two or four trophic levels
(values of 4.8, 4.9, and 5.0, Table 1). The longest return
times were seen in webs with either two or three trophic
levels (values of 14.4, 14.7, and 15.1, Table 1). We see
no evidence for reduced stability with increased web
length in webs with three self-damping terms.

There are only three possible four-species webs with
four self-damping terms (Table 1). These three webs
plainly contradict the conclusion of reduced stability



